Closely related bacterial genomes usually differ in gene content, suggesting that nearly every strain in nature may be ecologically unique. We have tested this hypothesis by sequencing the genomes of extremely close relatives within a recognized taxon and analyzing the genomes for evidence of ecological distinctness. We compared the genomes of four Death Valley isolates plus the laboratory strain W23, all previously classified as Bacillus subtilis subsp. spizizenii and hypothesized through multilocus analysis to be members of the same ecotype (an ecologically homogeneous population), named putative ecotype 15 (PE15). These strains showed a history of positive selection on amino acid sequences in 38 genes. Each of the strains was under a different regimen of positive selection, suggesting that each strain is ecologically unique and represents a distinct ecological speciation event. The rate of speciation appears to be much faster than can be resolved with multilocus sequencing. Each PE15 strain contained unique genes known to confer a function for bacteria. Remarkably, no unique gene conferred a metabolic system or subsystem function that was not already present in all the PE15 strains sampled. Thus, the origin of ecotypes within this clade shows no evidence of qualitative divergence in the set of resources utilized. Ecotype formation within this clade is consistent with the nanoniche model of bacterial speciation, in which ecotypes use the same set of resources but in different proportions, and genetic cohesion extends beyond a single ecotype to the set of ecotypes utilizing the same resources.
M
icrobial ecology is challenged to explain the extreme disparity among bacteria in physiology, cell structure, and ecology (1) (2) (3) (4) , as well as the huge numerical diversity of bacterial taxa, which run over 70 phyla (5, 6) and possibly billions of species (7) (8) (9) . Ultimately, the origins of all bacterial groups, from the profoundly disparate divisions to the most closely related taxa, trace back to the origin of species, whereby one lineage splits into two ecologically distinct lineages that are able to coexist. In this study, we aimed to estimate the tempo of bacterial speciation and to characterize the processes of divergence that underlie the origin of species.
How easy is bacterial speciation? Over the last several decades, evolutionary biology has seen the emergence of models of sympatric speciation (10, 11) . One such model is ecological speciation (10) , in which local populations living in different habitat types or utilizing different resources can successfully and indefinitely diverge, despite interbreeding.
Ecological speciation is likely to occur frequently in the bacterial world (12) (13) (14) (15) (16) (17) (18) (19) (20) , owing to several aspects of bacterial population dynamics. First, the low rate of genetic exchange in bacteria, even among the closest relatives, is not sufficient to hinder adaptive divergence, so evolution of sexual isolation is not a necessary milestone of bacterial speciation (14, (21) (22) (23) . Second, genetic exchange can occur between distantly related bacteria (22, 24, 25) , allowing a single gene acquisition event to dramatically change the ecological niche of the recipient population. Third, recombining segments are often quite short (26) (27) (28) (29) , so niche-transcending adaptations can be transferred without the cotransfer of niche-specifying genes (22, 30, 31) . Finally, the astronomical sizes of many bacterial populations make adaptive mutations and recombinations that are rare on a per-capita basis accessible on a per-population basis (32) .
Empirical evidence for rapid speciation has emerged from genome comparisons, in which close relatives within a named species have been shown to differ in the contents of their genomes (19, (33) (34) (35) . Because acquisition of novel genes can effect change in ecological niche (24, (35) (36) (37) , Doolittle and Zhaxybayeva have inferred that even the closest relatives may be ecologically distinct (19) .
Nevertheless, this conclusion is not yet well supported. First, the species recognized by bacterial systematics are well known to hold an enormous level of diversity in physiology and ecology (15, 20, 33, 35, (38) (39) (40) (41) (42) (43) (44) (45) (46) , so finding that members of a species are also diverse in their genome content is not surprising. What is needed is to compare the genome contents of the closest relatives, not just members of the same species taxon. In addition, genome content differences between the closest relatives must be shown to have ecological importance. Genome content differences among members of the same species are dominated by genes that are functional for phage or transposons and by the so-called "hypothetical" genes, with no known function for bacteria (33, 47 ). An ecologically motivated genome comparison should do more than track the comings and goings of genetic elements that parasitize bacteria.
We have aimed to characterize the origins of ecological diversity in bacteria by comparing the genomes of close relatives that represent the most newly divergent "ecotypes." We define ecotype here as a phylogenetic group of close relatives that are ecologically very similar, in that the members of an ecotype share genetic adaptations to a particular set of habitats, resources, and conditions (48) . More specifically, different ecotypes are predicted to coexist indefinitely as a result of their ecological differences, while lineages within one ecotype are ecologically too homogeneous to allow indefinite coexistence (49, 50) . This definition contrasts with earlier ecotype concepts (51) , in that the present definition of ecotype implies no other species-like characteristics beyond ecological distinctness. Our goals are to discover empirically which species-like properties follow from ecological distinctness and to quantify the rate at which ecotypes originate. We use the terms ecotype and species interchangeably, to mean the most newly divergent, ecologically distinct populations, and we refer to the origin of bacterial ecotypes as "speciation."
Models of bacterial speciation. de Queiroz has enumerated species-like properties shared among zoological models of speciation, of which we consider three: (i) a species is cohesive, in that diversity within the species is recurrently constrained; (ii) different species are ecologically distinct; and (iii) different species are irreversibly separate (52); additionally, species may be discovered as distinct sequence clusters (51, 53) . Newly divergent species of bacteria may hold all or some of these species properties, depending on the model of bacterial speciation (Table 1 ). These models differ profoundly in the rate at which new ecological diversity is invented, as well as the extent to which newly invented diversity persists into the future.
In the stable-ecotype model, bacterial speciation is infrequent and ecologically distinct species coexist long enough to be distinguished as multilocus sequence clusters ( Fig. 1A ; Table 1 ) (51). The long-term coexistence of different ecotypes may be fostered by a qualitative ecological divergence, where each ecotype utilizes some unique resource not shared with others (22) . In this model, an ecotype is subject to cohesion through many recurrent bouts of diversity-purging events, caused by periodic selection and/or genetic drift, during the long lifetime of the ecotype. Different ecotypes have the species property of being irreversibly separate because, owing to their ecological differences, neither periodic selection nor genetic drift can prevent further divergence among newly split ecotypes; moreover, ecological divergence between the ecotypes is not prevented by recurrent genetic exchange (12, (21) (22) (23) . In the stable-ecotype model, most ecotypes are discernible as sequence clusters because longstanding ecotypes have had opportunity to accumulate neutral sequence divergence at every locus, while diversity within ecotypes is recurrently purged (51) .
In contrast, several models of bacterial speciation accommodate rapid ecological diversification. The speedy-speciation model is much like the stable-ecotype model, except that the pace of speciation is faster, so closely related ecotypes are not distinguishable as multilocus sequence clusters ( Fig. 1B ; Table 1 ) (51) . In the nanoniche model ( Fig. 1C ; Table 1 ), speciation occurs rapidly, but the most newly divergent, "nanoniche" ecotypes are only quantitatively different. Here each ecotype has no unique resources but utilizes the same set of resources in different proportions (22, 51) . This pattern of ecological divergence is common in animal and plant speciation (54) and may extend to bacteria, as closely related bacterial ecotypes frequently overlap in the habitats they occupy (15, 42, (55) (56) (57) (58) . Nanoniche ecotypes are predicted to be ephemeral because each is vulnerable to a speciationquashing periodic selection event emanating from another ecotype (Fig. 1C) (59) . The nanoniche ecotypes are not irreversibly separate because cohesion can occur at the level of a set of ecotypes that utilize the same set of resources (Table 1) .
Another possibility is that there is both rapid formation and extinction of ecotypes, as in the speciesless model ( Fig. 1D) (50) . Here each ecotype lives only briefly before going extinct, so the diversity within an ecotype is constrained by the short time of its existence rather than recurrent cohesive forces like periodic selection. Related to the speciesless model is the opportunitroph model, in which various generalist lineages adapt convergently to similar types of ephemeral particles (60) .
Finally, the recurrent niche invasion model allows for the possibility that the ecological distinctness of ecotypes is encoded by plasmids or other transferable elements (22, 51, 61) . Ecotypes in this model are not irreversibly separate ( Fig. 1E ; Table 1) .
Testing the models of speciation requires identification of the ecotypes representing the most recent products of speciation, as we have set out to do.
The model system. We have aimed to identify the models of speciation that apply to Bacillus subtilis relatives. We previously isolated Bacillus from various soil microhabitats within Radio Facility Wash (RFW), a canyon on the floor of Death Valley (55) , and demarcated putative ecotypes using two sequence-based algorithms, ecotype simulation (ES) (13) and AdaptML (15) . The membership of each putative ecotype contains a group of extremely close relatives that have been hypothesized to be ecologically interchangeable with one another but ecologically distinct from other ecotypes (62) .
Our previous sequence-based analyses were conducted on a 1,776-bp concatenation of partial sequences of three genes, and they identified 32 putative ecotypes among the 11 recognized species and subspecies within the B. subtilis-Bacillus licheniformis clade (55, 63) . Each putative ecotype hypothesized by ES and AdaptML analyses was confirmed to be ecologically distinct from other ecotypes through differences in their associations with microhabitats of different solar exposures and soil textures, as well as physiological differences (13, 55, 64) . Nevertheless, we have not yet confirmed whether the putative ecotypes are each homogeneous in their ecological adaptations. In this study, we have focused on discovering and characterizing ecological heterogeneity within a single putative ecotype (PE) we previously identified as PE15 and classified within Bacillus subtilis subsp. spizizenii (55) . We tested for ecological heterogeneity within PE15 by comparing the genomes of four PE15 isolates from RFW, plus the genomes of reference strain W23 of B. subtilis subsp. spizizenii (65) and strain 168 of Bacillus subtilis subsp. subtilis (66) . We demonstrated a high rate of invention of new ecotypes within the putative ecotype PE15. By characterizing the genetic basis of ecological differences among these ecotypes, we show that the genome comparisons most strongly support the nanoniche model, in which the most newly divergent ecotypes utilize only resources that are shared with their closest relatives and ecotypes are not irreversibly separate.
MATERIALS AND METHODS

Strains.
We chose PE15 as the focus of this study because it was the best sampled of all putative ecotypes from RFW and because the fully sequenced laboratory strain W23 was previously shown to be a member of PE15 (55) . We selected four RFW isolates from PE15 to represent strains most likely to be ecologically distinct, based on their habitats of isolation and physiological properties (55) . Two strains (RFWG1A3 and RFWG1A4) were isolated from the warmer and sunnier south-facing slope and appeared to be among the best adapted to high temperatures, based on heat adaptation index (HAI), a measure of the proportion of warm-adapting fatty acids versus cool-adapting fatty acids; two strains (RFWG4C10 and RFWG5B15) were isolated from the cooler and shadier north-facing slope and appeared to be among the best adapted to cooler This model is much like the stable-ecotype model, except that speciation occurs so rapidly that most newly divergent ecotypes cannot be detected as sequence clusters in multilocus analyses (51) . (Adapted from reference 51 with permission of Elsevier.) (C) Nanoniche model. Three nanoniche ecotypes use the same set of resources but in different proportions (noted by Abc, aBc, and abC). Each nanoniche ecotype can coexist with the other two because they have partitioned their resources, at least quantitatively. However, because the ecotypes share all their resources, each is vulnerable to a possible speciation-quashing mutation that may arise in the other ecotypes. This could be a mutation that increases efficiency in utilization of all resources. These speciation-quashing mutations are indicated by a large asterisk; each of these extinguishes the other nanoniche ecotypes. Thus, in the nanoniche model, cohesion can cut across ecologically distinct populations, provided that they are only quantitatively different in their resource utilization (22) . (Reprinted from reference 22 [copyright 2011 Federation of European Microbiological Societies; published by Blackwell Publishing Ltd., all rights reserved].) (D) Speciesless model. Here the diversity within an ecotype is limited not by periodic selection but instead by the short time from the ecotype's invention as a single mutant until its extinction. The origination and extinction of each ecotype i are indicated by s i and e i , respectively. In the absence of periodic selection, each extant ecotype that has given rise to another ecotype is a paraphyletic group, and each recent ecotype that has not yet given rise to another ecotype is monophyletic (50) . (Adapted from reference 50.) (E) Recurrent niche invasion model. Here a lineage may move, frequently and recurrently, from one ecotype to another, usually by acquisition and loss of niche-determining plasmids. Red lines indicate the times in which a lineage is in the plasmid-containing ecotype; blue lines indicate the times when the lineage is in the plasmid-absent ecotype. Periodic selection events within one ecotype extinguish only the lineages of the same ecotype. For example, in the most ancient periodic selection event shown, which is in the plasmid-absent (blue) ecotype, only the lineages missing the plasmid at the time of periodic selection are extinguished, while the plasmidcontaining lineages (red) persist. Ecotypes determined by a plasmid are not likely to be discoverable as sequence clusters (22) temperatures based on HAI (55) . We abbreviate the strain names here as G1A3, G1A4, G4C10, and G5B15.
We also included the strains B. subtilis subsp. spizizenii W23 and B. subtilis subsp. subtilis 168, whose genomes were previously sequenced (65, 66) . Strain W23 was previously classified to the ecotype of interest (PE15), and strain 168 had been classified to PE10; both assignments were based on analysis of three genes (13, 55) .
Genome sequencing and annotation. Genomic DNA was extracted from liquid growth cultures, using the Gentra Puregene Yeast/Bact. kit, and was sequenced with a Roche 454 GS FLX pyrosequencer. Genomes were assembled using MIRA (Mimicking Intelligent Read Assembly) (67, 68) and Newbler (69) . Contigs were ordered with Mauve (70) using the fully sequenced 168 (66) and W23 (65) genomes for reference. Gaps were manually closed using Consed (71) . The draft genomes were annotated using the RAST automated server (72) , which uses the SEED framework (73) . Genes that were not phage or transposon related or hypothetical were classified to one of the functional systems and subsystems of RAST. Some genes were annotated as part of more than one functional subsystem or system. For example, the gene for beta-phosphoglucomutase was classified to two subsystems within the carbohydrate system: maltose and maltodextrin utilization and trehalose uptake and utilization.
Core genome phylogeny. We identified orthologous genes shared by all six strains using Mauve (70) . These orthologs were aligned and concatenated to establish a "core genome." Applying Treefinder (74), we created a maximum likelihood core genome phylogeny for the five PE15 strains, rooted by strain 168.
Genome content comparisons. Regions unique to individual genomes were discovered using the Novel Regions Finder of Panseq (75) . Genes shared by each subset of strains were identified using Mauve (70) . Unshared genes were categorized as hypothetical, phage or transposon related, or functional (i.e., for the bacterium), according to the RAST annotation.
Positive selection. Two tests in the PAML package (76, 77) were implemented to identify orthologous genes shared by all six strains that had a history of positive selection on amino acid sequence. We eliminated from analyses any orthologs with stop codons in frame and those whose sequence length was not a multiple of three. We thus tested for positive selection in 2,892 of the 3,121 genes shared among the six strains.
We first tested for positive selection occurring anywhere in the sixstrain phylogeny for each gene by comparing a "nearly neutral" model (M1A) to a positive-selection model (M2A). We then identified genes under positive selection in each internode of the phylogeny using Branch Test Two. All the genes hypothesized to be under positive selection were checked for evidence of recombination on the basis of noncongruence of phylogenies and RDP3 (78) .
Growth in monoculture. We employed monoculture and competition experiments to test whether the strains differ in utilization of maltose, maltodextrin, and inositol, as suggested from gene content comparisons. For monoculture growth, the four Death Valley isolates of PE15 were grown separately in liquid LB medium, and at log phase they were diluted 1:2,000 into minimal salts (79) (with no carbon source added) and vortexed. The diluted culture was added to minimal salts supplemented with 1% (final concentration) of glucose, maltose, maltodextrin, or inositol (with no additional carbon source) and incubated at 28°C, with shaking, in a sterile microtiter plate. Growth was monitored in a SpectraMax M5 microplate reader as percent absorbance at 405 nm at 15-min intervals for 24 h.
For a given substrate, experiments were conducted in three replicates on different days. Within each day, there were two subreplicate growth cultures, stemming from the same LB culture; control growth tests on glucose were based on the same LB culture. The unit of replication in our analyses was the mean of the two subreplicates from a given LB culture. Experiments were also set up with minimal medium and no carbon source added, as a control for the effects of possible residual LB.
Competition experiments. For competition experiments, two strains (G1A4 and G4C10) were grown overnight in brain heart infusion (Bacto). Approximately equal numbers of cells from the two strains' overnight cultures (following previous estimates of cell densities), in a total volume of 25 l, were inoculated into 10 ml of minimal medium with glucose, maltose, or maltodextrin (plus citrate, which does not allow significant growth of either strain [data not shown]). Cultures were incubated at 30°C with shaking (225 rpm) for 22 h. At 0, 4, 13, and 17 h, 1-ml aliquots were sampled and then stored at Ϫ20°C. These time points were selected to represent the time of inoculation, the beginning of exponential growth, the end of exponential growth, and stationary phase, respectively. The whole set of competition experiments was replicated twice, on different days.
The abundance of each strain was analyzed by quantitative PCR (qPCR). Bacterial genomic DNA was extracted by incubating 50 l of the culture at 95°C for 20 min. Primers for each strain were designed from a unique, single-copy gene of its genome using Primer3 (80) [72] ).
The qPCR was performed with Fast SYBR green master mix (Applied Biosystems) in the 7500/7500 Fast real-time PCR system, with the holding stage at 95°C for 20 s and the cycling stage at 95°C for 3 s and 60°C for 30 s (40 cycles). Three replicates were conducted for each reaction. The reproducibility of the qPCR essay was evaluated by the standard deviation of the cycle numbers required for fluorescence to reach a set threshold, over three replicates (Ͻ0.3). The average cycle number of the three replicates was used to calculate the copy number. The primer specificity of qPCR essays was verified by a melt curve analysis. Standard curves for each strain were obtained using its pure genomic DNA for absolute quantification. The consistency of amplification efficiency was validated by the R 2 of the standard curves (all are greater than 0.99).
Analysis of stationary-phase density. Absorbance values at 24 h (monoculture) or qPCR copy number values at 22 h (competition) were log 10 transformed. To account for G1A4's superior performance in minimal medium (as measured by growth in minimal medium with glucose), the values for maltose, maltodextrin, and inositol for each replicate of each strain were divided by the value for glucose. Strains were compared for performance in media with each carbon source (corrected and not corrected by glucose) in one-way analyses of variance (ANOVAs).
RESULTS
Genome sequencing and annotation. All four genomes were sequenced using 454 pyrosequencing, yielding a total sequence per genome of 59.22 to 109.92 Mb (see Table S1 in the supplemental material). The genomes were assembled as 11 to 20 contigs, with the N50 statistic ranging from 285 kbp to 848 kbp. The sizes of gaps were estimated by comparison to the complete genome sequence of B. subtilis subsp. spizizenii strain W23 (65) . Gaps between contigs were usually shorter than 50 bp, except for the repetitive RNA genes (see Table S2 in the supplemental material). Thus, the genome assemblies all have an extremely high percent coverage and are unlikely to have missed any protein-coding genes. The genome sizes and GC contents of the four RFW strains of the putative ecotype PE15 (Table 2) were similar to those of B. subtilis subsp. spizizenii strain W23 (65) . The assemblies contained no separate circular contigs, indicating an absence of plasmids.
Core genome phylogeny. The mean pairwise average nucleotide identity (ANI) value between the PE15 strains and the 168 strain of PE10 was 92.9% (Table 3) . Within PE15, all strain pairs showed an ANI value of Ն99.4%. The average number of shared genes between the PE15 strains and the PE10 strain was 3,566; all pairs within PE15 shared at least 3,869 genes ( Table 3) .
The core genome alignment confirmed earlier results (55) showing that strain W23 clusters within PE15 (Fig. 2) . The PE15 clade contains two sister subclades of two strains each, plus a more basal strain.
Functional capabilities. The members of PE15 were extremely similar in their functional capabilities ( Fig. 3 ; see also Table S3 in the supplemental material). Comparisons across the putative ecotypes PE15 and PE10 showed much greater variation in gene content across functional systems. For each of three system categories (cell wall and capsule, protein metabolism, and carbohydrates), each putative ecotype contained at least 24 genes not present in the other (see Tables S4 and S5 in the supplemental  material) .
Unique chromosomal regions. Panseq identified 561 genes (in 116 regions) unique to strain 168 of PE10 compared to PE15, 197 of which (35.1%) were hypothetical and 68 of which (12.1%) were phage related ( Fig. 2A ; see also Table S3 in the supplemental material). Mauve identified 186 genes shared among the five PE15 strains but not found in PE10, 91 of which (48.9%) were hypothetical and 1 of which (0.5%) was phage related (Fig. 2A) .
The individual strains of PE15 had an average of 67 unique genes. The majority of these (mean, 62.6%) were hypothetical ( Fig. 2A) . Chromosomal regions unique to subclades (or individual strains) within the PE15 phylogeny indicated the acquisition of that region by horizontal genetic transfer, as inferred by maximum parsimony, since each unique gene was most closely related to a gene in another species (see Table S4 in the supplemental material).
In a very few cases, the most parsimonious interpretation of comparative genome content analyses indicated gene loss in a PE15 lineage (see Fig. S1 in the supplemental material). In total, only 30 genes were lost along all the lineages. Surprisingly, no unique gene conferred a metabolic system or subsystem function that was not already present in the PE15 core genome. That is, each unique metabolic gene was either an additional, paralogous copy of a gene already present in all the PE15 genomes or an additional gene within one or more functional subsystems present in all the PE15 genomes (Table 4; see also  Table S4 in the supplemental material). The only unique genes to confer a subsystem function not present in all PE15 strains . In each internode, the unique genes are classified as follows: total genes/genes with known bacterial function/genes present in characterized functional subsystems. Each node was supported by 100% of 1,000 bootstrap replicates. In panel A, the left pie chart for each internode indicates the proportion of unique genes that are hypothetical, are phage or transposon related, or have a known bacterial function; the right pie chart indicates the proportion of unique genes in each of the RAST major functional systems. In the case of strain 168, the fraction of genes in five systems was too small to be visible, with each of the following at 1%: cell division and cell cycle, nitrogen metabolism, potassium metabolism, respiration, and membrane transport. In panel B, the pie charts indicate the functional classification of genes under positive selection for amino acid sequence.
were members of the nonmetabolic restriction-modification subsystem.
In the case of the carbohydrate system, for example, G1A3 was shown to have three unique genes involved in inositol utilization. All of these appear to be acquired from other Bacillus species taxa and are additional, paralogous copies of genes found in all the PE15 genomes sampled. Similarly, G1A4 has nine unique genes involved in maltose or maltodextrin utilization, which is a function encoded by all the PE15 genomes: three genes were paralogs of genes shared by all PE15 strains, and six were additional genes involved in maltose or maltodextrin utilization, particularly uptake and metabolism of maltodextrin (Table 4) .
Growth experiments. In monoculture, the four PE15 strains were significantly heterogeneous in their stationary-phase densities in minimal medium with maltose, maltodextrin, and inositol (F ϭ 57.13, 143.04, and 4.73; P Ͻ 0.0001, P Ͻ 0.0001, and P ϭ 0.012, respectively; degrees of freedom [df] ϭ 3, 8), as well as in the control medium with glucose (F ϭ 6.06; P ϭ 0.0026; df ϭ 3, 8) ( S3 in the supplemental material.) Moreover, the strain expected to hold an advantage in maltose and maltodextrin (G1A4), owing to its nine unique genes, had a significantly higher stationary-phase density than each of the other strains with those resources (Tukey test, P Ͻ 0.01). Because G1A4 also had the highest density in the glucose control (although not significantly), we tested whether this strain was benefited the greatest by maltose and maltodextrin, by comparing the ratio of densities in maltose and maltodextrin to densities in glucose [log (density in maltose or maltodextrin/density in glucose)]. The four strains were marginally significantly heterogeneous in their maltose and maltodextrin density ratios (P ϭ 0.080 and 0.075, respectively). As predicted, strain G1A4 had the highest average ratio of densities for both maltose and maltodextrin (Fig. 4B ) and, indeed, had the greatest ratio in all three independent replicates, expected by chance with a probability of (1/4) 3 , i.e., 0.016 (for each resource). In the case of growth in inositol, where G1A3 was expected to The number of genes in each system or subsystem is indicated in parentheses. The percentages of genes in each system category were very similar across the PE15 strains (with an average standard deviation of 0.20% across all system categories) (see Table S3 in the supplemental material). Likewise, the PE15 genomes were similar in the number of genes at the subsystem level. For example, in the carbohydrate subsystem, the average standard deviation of gene content was 0.66%. be superior owing to its additional three genes, this strain did not reach the highest stationary phase either corrected or uncorrected for growth in glucose ( Fig. 4 ; see also Fig. S4 in the supplemental  material) .
Competition experiments. qPCR analysis of strains G1A4 and G4C10 grown in coculture on maltose and maltodextrin showed that G1A4 grew to a higher density than G4C10 on both these resources (maltose, t ϭ 4.05, P ϭ 0.028, 2 df, one-tailed test; maltodextrin, t ϭ 12.0, P ϭ 0.0034, 2 df, one-tailed test; [see Fig.  S5 in the supplemental material]). When corrected for growth on glucose, G1A4 still showed superior growth on maltose (although not significantly) and on maltodextrin (t ϭ 3.21, P ϭ 0.043, 2 df, one-tailed test).
Positive selection. Phylogeny-wide testing for positive selection identified 14 genes under positive selection in one or more PE15 strains (see Table S6 in the supplemental material), and all but one gene has a known function in B. subtilis subsp. subtilis 168 (Fig. 2B) .
Branch-specific testing indicated positive selection in 38 genes on six internodes within PE15; all these genes had a known bacterial function (Fig. 2B ). The individual genomes had relatively few genes under positive selection-ranging from 0 to 2 genes per Restriction-modification system; type I restriction-modification (3) Type I restriction-modification system, specificity subunit S c ; type I restrictionmodification system, DNAmethyltransferase subunit M c ; type I restriction-modification system, restriction subunit R c a In some cases, a unique gene was a member of more than one subsystem, indicated with subsystems separated by semicolons. All unique genes either were paralogs of genes present in all PE15 strains or were nonparalogous additional genes in functional subsystems already present in some or all sampled strains within PE15. In cases where a unique gene with a given specific function was present in more than one copy, the number of copies is indicated in parentheses (e.g., 2 copies of neopullulanase in G1A4). b Present in all P15 strains. c Present in some P15 strains.
genome-but each strain was under a unique regimen of positive selection. Strain G1A4, which had acquired several genes coding for maltose or maltodextrin utilization, also showed evidence for positive selection in the maltose or maltodextrin utilization gene coding for glycogen phosphorylase (see Table S6 in the supplemental material).
DISCUSSION
We have investigated the rate at which bacterial lineages split to form ecologically distinct populations and have aimed to identify the species-like properties that follow the invention of new ecotypes. Our approach was to compare the genomes of very close relatives that had previously been hypothesized to belong to a single ecotype, to identify any ecological heterogeneity within the putative ecotype, and to discover the genetic and physiological bases of ecological differences.
The previous ecotype simulation and AdaptML analyses of Bacillus isolates from Radio Facility Wash of Death Valley, based on three genes, suggested the clade labeled PE15 to be one ecotype whose members are ecologically interchangeable with one another but ecologically distinct from other ecotypes (55) . This putative ecotype was indeed confirmed to be ecologically distinct from its close relatives by differences in its habitat associations and in physiological differences (55) . However, like previous studies (13, 15, 42, (56) (57) (58) 81) , our ecological confirmation of ecotypes did not test for ecological interchangeability among the members of an ecotype identified through analysis of sequence diversity.
Evidence of multiple ecotypes within PE15. The genomic analysis of the five PE15 strains confirmed the earlier conclusion (55) that PE15 is a clade of close relatives. The core genome phylogeny showed the five PE15 strains to be extremely closely related (Fig. 2) , with all pairwise ANI values of Ն99.4% (Table 3) .
The core genome of the PE15 members showed a phylogenetic structure of two sister clades plus a more basal strain, with all nodes having highly significant support (Fig. 2) . This structure would not be expected under a model in which PE15 is a single ecotype whose diversity is recurrently purged by periodic selection, as previously predicted (55) . When periodic selection is the dominant force of cohesion, a star phylogeny is expected to result (with all strains equally related) (51) . One explanation for the phylogenetic structure within PE15 would be that genetic drift is the primary force of cohesion within the ecotype, but the enormous population sizes of taxa within the B. subtilis-B. licheniformis clade in nature make this explanation unlikely (13, 55) . The most plausible interpretation is that the phylogenetic structure reflects the origination of multiple ecotypes within PE15.
Further evidence of ecological heterogeneity within PE15 emerges from tests of positive selection on amino acid sequences of shared genes. Three of the five PE15 strains showed at least one gene under positive selection, and three of the nonterminal internodes within the PE15 clade also showed positive selection, indicating a unique regimen of positive selection on each of the five PE15 isolates (Fig. 2B) . Finding a clade to be under a unique regimen of positive selection provides evidence that the clade is a distinct ecotype (23) , and so we conclude that each of the five PE15 strains sampled represents a separate ecotype. Our genome-based analyses have thus indicated five ecotypes within one clade (PE15) that our previous analyses, based on three genes, had demarcated as a single ecotype (55) .
It then became interesting to compare the rates of ecotype formation based on the present full-genome analysis versus the previous three-gene analysis (55) . Our first step was to estimate the rate of ecotype formation within the full B. subtilis-B. licheniformis clade (excluding the outgroup strain from Bacillus halodurans), based on the three genes. A maximum likelihood analysis, using TreeFinder (74), yielded a Newick tree from which we estimated a total branch length of 0.872 substitution per site in the entire B. subtilis-B. licheniformis clade. The 31 putative ecotypes previously identified (55) correspond to 30 ecotype formation events emanating from an ancestral ecotype. Thus, the resolution of the earlier three-gene analysis yields a rate of 34.4 (ϭ 30/0.872) ecotype formation events per nucleotide substitution per site (over the three-gene concatenation).
We then estimated the rate of ecotype formation within PE15, based on the present analysis of genomes, where the tree of five PE15 strains contains five ecotypes, or four ecotype formation events. A maximum likelihood phylogenetic analysis of the five PE15 strains, based on the three-gene concatenation, yielded a total branch length of 0.000605 substitution per site. The origination of four ecotypes within this clade yields 6,610 (ϭ 4/0.000605) ecotype formation events per nucleotide substitution per site (in the three-gene concatenation). The full-genome analysis thus in- dicates a far higher rate of ecotype formation events than the original three-gene analysis, by a factor of 192.
The ecological uniqueness of every strain in our small sample strongly suggests an enormous number of ecotypes among extremely close relatives, at least within our focus group of B. subtilis. It appears that ecotypes are formed at too high a rate to be discovered by analyzing the sequences of just a few genes. We predict that a high-resolution analysis by either ecotype simulation or AdaptML that is based on the entire core genome would demarcate multiple ecotypes within PE15.
Additional evidence for ecological heterogeneity within PE15 comes from comparisons of gene content. The number of genes unique to a single strain ranged from 22 to 117, and various subclades within PE15 also had unique genes. As expected (33, 47) , many of the most newly acquired unique genes reflected the comings and goings of phage and transposons ( Fig. 2A) . However, every strain and every clade within PE15 had acquired a set of unique genes with known bacterial functions, some possibly with niche-specifying properties. In particular, genes in the carbohydrate system category are among the most likely of the functional, unique genes to have an effect on the ecological niche. Additional evidence for the ecological significance of the unique genes comes from the positive selection analyses on shared genes-the maltose-maltodextrin subsystem, which had some unique genes, also showed positive selection in one gene shared by all strains.
The nature of ecological divergence among ecotypes within PE15. It would be difficult to pinpoint a single ecological or physiological dimension along which the PE15 ecotypes have diverged from one another. This is because the 38 genes under positive selection in the PE15 clade comprise a great variety of functions divided among multiple system categories (see Table S6 in the supplemental material). Nevertheless, the horizontally acquired genes point to a role for carbohydrate metabolism (see Table S4 in the supplemental material). Two possibilities for ecological divergence based on carbohydrate metabolism involve gene acquisitions in the maltose-maltodextrin and inositol subsystems (Table 4) .
Remarkably, in no case has a functional gene unique to a PE15 genome conferred a novel metabolic subsystem function upon that strain. This is well exemplified by the nine additional genes for maltose or maltodextrin usage in G1A4. Because all the PE15 genomes studied already have the minimum set of genes for maltose or maltodextrin usage, we may conclude that the additional genes do not provide a novel resource; indeed, we found that all strains had the ability to use maltose and maltodextrin as their sole carbon source when cultured. The nine additional genes in the G1A4 genome appear to allow for an expanded usage of maltose and maltodextrin. For example, the operon of neopullulanase, maltose phosphorylase, and beta-phosphoglucomutase genes in G1A4 confers two alternative pathways from maltodextrin to glucose (82) . Growth tests confirmed that when maltose or maltodextrin was the only carbon source, G1A4 grew significantly better in monoculture than the other strains, and this advantage was corroborated in coculture with one other strain. We note that maltose and maltodextrin are likely resources for soil heterotrophs such as Bacillus, as these are breakdown products of starch, which can be contributed to soil from a great diversity of plant sources.
Unique genes in 14 functional subsystems were similarly found to belong to subsystems present in all other strains (Table 4) . Additional genes in the inositol catabolism-utilization pathway did not give G1A3 a growth advantage in our experiments. Therefore, we conclude that recently acquired genes, even if functional, may not always be adaptive and so adaptations must be experimentally confirmed.
In only one case did unique genes confer a subsystem not shared by all members of PE15; this was the case of unique genes in the restriction-modification subsystem, which confers protection against phage but does not directly affect resource usage.
The limited differences among strains in genome content suggest that the ecological distinctness within PE15 is only quantitative in nature, with the various ecotypes appearing to share the same metabolic functions. The sequence differences in shared proteins, as well as the addition of unique genes in shared pathways, may contribute to ecotypes utilizing the same chemical resources but in different microhabitats or in different proportions in the same microhabitat.
Which model of ecological speciation? The nanoniche model appears to best explain the origin of newly divergent ecotypes within PE15, given the available data, as no members of PE15 show evidence of utilizing any unique resources. This kind of quantitative divergence runs counter to the intuition built up for decades by systematic microbiology, where ecological differences between recognized taxa are usually scored as positive versus negative ability to utilize a given resource (83, 84) , and where HGT acquisition of new capabilities is thought to drive speciation (24, 37) . However, closely related populations have been shown to be quantitatively divergent in rates of utilization of shared substrates (85) and in expression of shared genes responsible for metabolism of environmental substrates (42) . Moreover, the paradigm of quantitative ecological divergence is likely the dominant mode of specialization in animals and plants (54) .
The consequences of the nanoniche model are quite different from those of the stable-ecotype model, in which ecotypes have all the species-like qualities attributed to species, including ecological distinctness, cohesiveness, irreversible separateness, and recognition through multilocus sequence analysis. In the nanoniche model, each ecotype is cohesive, in that there may be periodic selection events that sweep the diversity within one ecotype. However, the unit of cohesion would extend beyond the individual nanoniche ecotypes to the set of all ecotypes using the same resources (Table 1; Fig. 1C ). The possibility of such speciationquashing adaptive mutations means that the individual nanoniche ecotypes are not irreversibly separate (22, 51, 59) .
While the nanoniche model is consistent with the set of genomic data at hand, this interpretation must be tentative. One issue is that in a larger sample, some strains may have been found to be qualitatively different in resource utilization (with some resources not shared); however, the available data suggest that nanoniche is at least the predominant mode of speciation. One additional issue is that some of the unique hypothetical genes in PE15 strains may later be shown to be niche specifying and to provide unshared resources (86) .
In that case, there are other possible rapid-speciation models that may explain the high rate of speciation seen within PE15. One possibility is that this taxon is in a moment of adaptive radiation, in which ecologically distinct, cohesive (with recurrent periodic selection events), and irreversibly separate ecotypes (each with unique resources) are being invented at a high rate, as in the speedy-speciation model (Table 1; Fig. 1B ). Another possibility is the speciesless model (Fig. 1D) , in which a rapid speciation rate is matched by an equally high rate of extinction. This model requires that most ecological niches are ephemeral, such that the demise of a habitat type brings about the extinction of a specialized ecotype, perhaps as seen in the pathogen Neisseria meningitidis (87) or in marine heterotrophs adapting to an ephemeral particle of marine snow (60) . We have previously laid out a protocol for distinguishing the speedy-speciation and speciesless models, but this requires a larger sample of fully sequenced genomes (50) . Finally, one other model of rapid ecological change is the recurrent niche invasion model, in which a lineage moves in and out of different ecotypes with the acquisition or loss of various niche-specifying plasmids (Fig. 1E) . This model may be ruled out in the present case, as the genomes showed no plasmids, and more generally the plasmids of B. subtilis relatives are too small to code for host adaptations (88) .
In summary, our focus clade has shown a recent history marked by the rapid formation of new, ecologically distinct populations. This result is consistent with the hypothesis of Doolittle and Zhaxybayeva that nearly every strain among close relatives is ecologically distinct (19) . However, there is no evidence that these newly divergent ecotypes are sufficiently distinct to diverge indefinitely; it appears that their divergence may be constrained by competition with one another. The most newly divergent ecotypes have the species-like properties of being ecologically distinct and cohesive, but they appear to lack the property of being irreversibly separate.
Divergence between putative ecotypes. The genomic comparison of the two putative ecotypes previously identified through three-gene analyses, PE15 and PE10, reveals substantial genetic and ecological divergence. First, the average nucleotide identity of these groups is much less than that within PE15, at 92.9%. Also, positive selection on amino acid sequences has accelerated the divergence between PE15 and PE10 in 38 genes across 12 functional systems, much more than the case for divergence within PE15. Finally, gene content comparisons show 186 and 561 unique genes for PE15 and PE10, respectively, and many of these constitute functional subsystems not present at all in the other ecotype. That is, each putative ecotype appears to utilize resources not available to the other, and they may thus be irreversibly separate. While the previous three-gene analyses missed the discovery of ecological heterogeneity within PE15, it appears that the putative ecotypes identified by previous analyses represent the most closely related of clades that are both ecologically distinct and irreversibly separate.
